The present problem addresses double-diffusive magnetohydrodynamic free convection in an inclined
INTRODUCTION
The classical problem of natural convection in a square cavity has many engineering applications, such as the cooling systems of electronic components, building and thermal insulation systems, built-in-storage solar collectors, nuclear reactor systems, the food storage industry, and geophysical fluid mechanics. Convection in a fluid-filled square cavity with differentially heated vertical walls covered by thin porous layers was studied numerically by Le Breton et al. (1991) . The study on the effect of a magnetic field on natural convection in a fluid-saturated porous medium in a cavity has received considerable attention in recent years due to its wide variety of applications in engineering and technology, such as solar energy collection, nuclear reactor insulation, cooling of electronic devices, furnaces, drying technologies, and crystal growth in liquids. Oosthuizen and Patrick (1995) performed numerical studies of natural convection in an inclined square enclosure with part of one wall heated to a uniform temperature and with the opposite wall uniformly cooled to a lower temperature and with the remaining wall portions. Laminar mixed convective heat transfer in two-dimensional shallow rectangular driven cavities of aspect ratio 10 is studied numerically by Sharif (2007) . The effect of magnetic field on free convection inside a rectangular enclosure is studied by Rudraiah et al. (1995) . Garandet et al. (1992) analyzed the effect of a magnetic field on buoyancy-driven convection in a rectangular enclosure. Magnetohydrodynamic flow and heat transfer in a channel with porous walls of different permeability is studied by Kishan and Meenakshi (2014) . Sarris et al. (2005) cavity. A numerical investigation of the steady MHD free convection in a rectangular cavity filled with a fluid-saturated porous medium and with internal heat generation has been performed by Grosan et al. (2009) . Inclined natural convection cavity flow has received less attention, although a number of studies have investigated the effect of inclination angle on flow structure and bulk heat transfer, for instance, Rasoul and Prinos (1997) and Cianfrini et al. (2005) . Natural convection in inclined enclosures has also been studied using experimental and numerical methods. The angle of inclination has been shown to have a pronounced effect on the flow structure. Mansour et al. (2010) studied the effects of an inclined magnetic field on the unsteady natural convection in an inclined cavity filled with a fluid-saturated porous medium considering heat source in the solid phase. Al-Najem et al. (1998) showed that the increase in the Hartmann number causes a reduction in the heat transfer rate from cavity sidewalls. Ece and Buyuk (2006) studied numerical solutions for the velocity and temperature fields inside the rectangular enclosure and determined the effect of strength and direction of the magnetic field, the aspect ratio, and the inclination of the enclosure on transport phenomena. Later, Ece and Buyuk (2007) investigated the steady natural convection flow in an inclined square enclosure with differentially heated adjacent walls under the influence of a magnetic field. The effect of a magnetic field on natural convection flow in a nanofluid-filled inclined square cavity has been analyzed by Kefayati (2013) by the lattice Boltzmann method. Hydromagnetic convection flow in a cavity is studied by Chamkha (1998), Chamkha (2002a) , and Sathiyamoorthy and Chamkha (2012) .
However, less attention has been dedicated to double-diffusive problems, where density gradients occur due to the effects of combined temperature and compositional buoyancy. It was observed that an energy flux can result not only from the temperature gradient but also from the concentration gradient. The energy flux generated by a concentration gradient is called the Dufour (diffusion-thermo) effect. Besides, mass fluxes can also be caused by temperature gradients, which is termed the Soret (thermodiffusion) effect. In this situation, when a temperature gradient is ap-plied to a binary mixture, initially homogeneous, thermal diffusion takes place, giving rise to a solutal gradient. Soret and Dufour effects become significant when the species are introduced at a surface in the fluid domain, with different (lower) density than the surrounding fluid, and the relations between the fluxes and the driving potentials are of a more intricate nature. There are some important engineering applications for this phenomenon, such as the transport of moisture in fibrous insulations or grain storage insulations and the dispersion of contaminants through water-saturated soil, biochemical contaminant transport in the environment, and underground disposal of nuclear waste and crystal growth processes. The study of double-diffusive free convection in fluid-saturated porous media has been motivated by the enormous applications in many engineering fields, such as the underground spreading of chemical contaminants through water-saturated soil. A comprehensive review of the natural convection due to combined thermal and solutal driving forces was conducted by Nield and Bejan (2013) , Pop (2002), and Vafai (2005) .
Most of the existing studies in the literature on double-diffusive convection are concerned with rectangular cavities where the temperature and concentration gradients are either vertical or horizontal. Trevisan and Bejan (1985) first reported on a comprehensive numerical study of the natural convection phenomenon occurring inside a porous layer with both heat and mass transfer from the side. Double-diffusive convection in a porous enclosure has been studied by Bourich et al. (2004) . Rebai et al. (2008) presented both a numerical and analytical study of the thermosolutal convection with Soret effect in a square enclosure filled with binary fluid mixture. Bhuvaneswari et al. (2011) performed numerical analysis to understand the MHD mixed convection flow with Soret effect in a two-sided lid-driven square cavity. Khanafer and Vafai (2002) studied double-diffusive mixed convection in a lid-driven enclosure filled a fluid-saturated porous medium. Mchirgui et al. (2012) reported a numerical study of double-diffusive convection through a square cavity filled with a saturated porous medium and submitted to horizontal concentration and thermal gradients. Chamkha and Al-Mudhaf (2008) investigated the double-diffusive free convection in inclined porous cavities with the effects of a temperature-dependent heat source/sink. Double-diffusive convection in a porous enclosure is studied in many papers (e.g., Chamkha et al., 2011; Chamkha, 2002b) . Aly et al. (2011) studied the effects of Soret and Dufour numbers on free convection over isothermal and adiabatic stretching surfaces embedded in porous media. Kishan et al. (2009) examined the effects of Soret and Dufour effects on MHD free convection heat and mass transfer from a vertical surface in a doubly stratified Darcy porous medium. A mathematical model for the steady thermal convection heat and mass transfer in a fluid-saturated Darcian porous medium with significant Dufour thermodiffusion, Soret diffuso-thermal effects, and viscous heating is reported by Rawat and Bhargava (2009) . Chamkha and Naser (2001) studied the problem of unsteady, laminar, double-diffusive convective flow of a binary gas mixture in an inclined rectangular enclosure filled with a uniform porous medium. Recently, Shekar and Kishan (2015) studied the Soret and Dufour effects on free convective heat and solute transfer in a fluid-saturated inclined porous cavity.
The present investigation is to study the effects of an inclined magnetic field on the double-diffusive free convection in an inclined square cavity filled with saturated porous media under the influence of Soret and Dufour effects. The inclined cavity makes an angle with the horizontal plane, and it is with localized heating and salting from the bottom. The system of governing equations is solved using the finite element method of the Galerkin weighted residual scheme. The numerical results obtained are shown graphically for isotherms, streamlines, and isoconcentrations. The Nusselt number and Sherwood number are also presented graphically.
MATHEMATICAL FORMULATION
Consider a square-saturated porous cavity with length H as depicted in Fig. 1 . The cavity is tilted at an angle φ with respect to the horizontal plane. The wall at y = H represents the low temperature T l and low concentration C ′ l , and the wall at y = 0 denotes the high temperature T h and high concentration C ′ h . The other two walls are regarded as being insulated and impermeable. It is supposed that the third dimension of the cavity is large enough so that the fluid flow and heat and mass transfer can be considered two-dimensional. It is assumed that the cavity is permeated by a uniform inclined magnetic field B 0 . Furthermore, it is assumed that the angle of inclination of the magnetic field on the cavity bottom is the same angle of inclination of the cavity on the horizontal plane. Hypotheses of incompressible and laminar flow are considered, and the saturated porous medium is assumed isotropic and homogeneous with constant thermophysical properties. Interaction between the thermal and concentration gradients (Soret and Dufour effects) is considered. The binary fluid that saturates the porous matrix is modeled as a Boussinesq incompressible fluid whose density variation can be expressed as
where
The governing equations are as follows:
The boundary conditions are as follows:
On eliminating the pressure from Eqs. (3) and (4) and using the stream function ψ, which is defined as u = ∂ψ/∂y and v = −∂ψ/∂x, we obtain
Introducing the dimensionless variables
the dimensionless governing equations, based on the preceding definitions, are as follows:
where N is the buoyancy ratio, Le is the Lewis number, Ra is the thermal Rayleigh number, Du is the Dufour number, Sr is the Soret number, and M is the magnetic field parameter, which are given by
The dimensionless boundary conditions are as follows:
The local values of Nusselt and Sherwood numbers on the bottom wall are given by
METHOD OF SOLUTION
The dimensionless partial differential equations (10), (11), and (12) subject to the boundary conditions (13) are solved by the weighted residual Galerkin finite element method. In the weighted residual approach, the unknowns are replaced by approximate trial solutions to obtain the residuals. In the context of a discretized domain, the trial solutions are given by polynomial relationships to obtain the residuals. These residuals are then multiplied by weight functions, and their integrals over an element domain are set to be zero. Let the approximate solutions of Ψ, θ, and C be
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where ξ i are the linear interpolation functions for a triangular element. The Galerkin finite element model for a typical element Ω e is given by 
and ∂Ω e is the boundary of the element Ω e , whereas n is the unit outward normal. The whole domain is divided into 800 triangular elements of equal size. Each element is three noded; therefore the whole domain contains 441 nodes. Each element matrix is of order 9 × 9, since at each node, three functions are to be evaluated. Hence, after assembly of the elemental equations, we obtain a system of 1323 nonlinear coupled equations. To linearize the system of equations, the functionsŪ ,V are incorporated, which are assumed to be known. After imposing the boundary conditions, a matrix of a system of linear equations of order 1083 × 1083 remains. This system has been solved by using the Gauss-Seidel iteration method. The convergence of solutions is assumed when the relative error for each variable between consecutive iterations is recorded below the convergence criterion such that ϕ n+1 − ϕ n ≤ 10 −5 , where n is the number of iterations and ϕ stands for ψ and θ.
RESULTS AND DISCUSSION
In this article, the numerical computations of double-diffusive MHD free convection in an inclined square cavity filled with a fluid-saturated porous medium in the presence of Soret and Dufour effects were performed. Table 1 . It can be concluded from this table that the results are in good agreement, and we can be confident that the present analysis and the code used are correct. The results are presented in terms of streamlines, isotherms, and isoconcentrations inside the cavity and the local Nusselt number and local Sherwood number at y = 0. Figure 2 illustrates the effects of magnetic field parameter M along with inclination angle φ on streamlines for the fixed value of Ra = 200. In the present investigation, the inclination angle is considered as φ = 0°, 30°, 45°, 60°, 90°. From Fig. 2a , in the case of a horizontal cavity (φ = 0°), it is observed that the flow cell is circular and centered in the cavity. It is also seen that the values of streamlines increase as the inclination angle changes from φ = 0°to 60°, but the values slightly decrease for inclination angle φ = 90°. It is noticed that the streamlines have significant change due to inclination angle of the cavity from φ = 0°, 30°, 45°, 60°, 90°. The nature of the streamlines is central and circular when the cavity is in the horizontal direction (φ = 0°). As the cavity changes, for an inclination angle from 0°to 30°, 30°to 45°, and 45°to 60°, the pattern of streamlines slowly changes into vertical and tilting to the right side. In the case of the cavity in a vertical direction (φ = 90°, the flow cell converts slowly into horizontal and centered. From the figures, it is evident that the strength of the flow) is maximum when inclination angle φ = 60°. In the absence of a magnetic field (M = 0), the pattern of streamlines and isotherms is similar to the corresponding pattern for the classical natural convection problem in a differentially heated porous enclosure, and the strength of the flow circulation is strong, since the buoyancy force due to natural convection is the only significant force inside the enclosure. It is seen that the influence of magnetic field M is to decrease the flow intensity. Furthermore, a clear change is seen in the rotating vortices pattern, especially in the core of the enclosure, where the vortices are elongated horizontally as the magnetic field parameter increases. The reason for this behavior is the retarding effect of the Lorentz force. Physically, as magnetic field parameter M increases, this leads to stronger Lorentz force. This force has a tendency to slow down the motion of the fluid and to increase the temperature distribution. The convection is significantly suppressed owing to the strong retarding effect of the Lorentz force. The effect of natural convection depends on both Rayleigh number and characteristics of the porous medium, mainly the permeability and fluid properties. Figure 3 shows the influence of magnetic field parameter on isotherms for the various angles of inclination of the cavity (φ = 0°, 30°, 45°, 60°, 90°). It is seen that for the cavity in a horizontal position (φ = 0°), the isotherms split into two cells along the adiabatic walls in the vertical direction. As the cavity makes an angle, the isotherms turn into two vortices, one at the upper wall near x = 0 and the other at the lower wall near x = 1. It is also noticed that the isotherm values increase as the cavity makes an angle from φ = 0°to 45°and slightly decreases when the cavity inclination angle is tilted from 60°to 90°. From the figure it is observed that the effect of a magnetic field is to reduce the isotherm values in the case of a horizontal cavity (φ = 0°), where the influence of the magnetic field is to increase the isotherm values when the cavity makes an angle. It is also noticed that as the size of the vortex is enlarged in the horizontal direction, the isotherms are stabilized with the increase of magnetic field. When there exists a magnetic field (M > 0), the heat transfer is enhanced with the increase of the inclination angle. This is because the magnetic force is against the gravitational buoyancy force at θ < 90°, but at θ = 90°, they are no longer against each other. Figures 4(a)-4(d) expose the effect of a magnetic field on the isoconcentrations along with the inclination angle of cavity. In the case of a horizontal cavity, the effect of a magnetic field is to slightly reduce the concentration values, and the isoconcentrations are like straight lines and parallel to the horizontal plane. It is observed that as the inclination angle of the cavity changes from φ = 30°-90°, the isoconcentration lines split near to the bottom and top walls, indicating that the mass flux is high at the bottom surface. It is also noticed that as the cavity tilts by an angle φ = 0°-90°, the isoconcentration values reduce. Interestingly, the isoconcentration lines become parallel to the horizontal plane in the case of a greater magnetic field influence on the isoconcentration. It is also observed that the isoconcentration lines near the bottom wall are thicker, indicating that the mass flux is higher at the bottom surface.
Figures 5(a)-5(d) depict the effects of Lewis number Le, buoyancy ratio parameter N , Dufour number Du, and Soret number Sr, respectively on the streamlines. The inclination angle of the cavity is fixed at φ = 30°. As the Lewis number increases, the flow cell tilts toward the right, and the flow strength increases. It is seen that as the buoyancy ratio parameter increases, the flow intensity increases. The flow cell changes from a circular to a vertical cell, as the buoyancy ratio parameter increases. With the increase in Soret number, the flow pattern is the same, but the intensity of the flow increases. It is noticed that the Dufour number decreases the flow strength, whereas the Soret number increases the flow strength.
Figures 6(a)-6(d) show the effects of Lewis number, buoyancy ratio parameter, Dufour number, and Soret number, respectively, on isotherms. The isotherms are formed into two semivortices along the bottom of the hot wall and the top of the cold wall. It is worth mentioning that for Le = 0.3, the isotherm values are positive at the hot wall and negative at the cold wall. As the Lewis number increases, the isotherms at the hot wall and cold wall become closer. From Fig. 6(b) , it is observed that, for N = 1, the isotherms have two enlarged semivortices at the bottom and top adiabatic walls. As the buoyancy ratio increases the two semivortices turn into two opposite vortices with diagonally stratified isotherms in between them. Interestingly, as the buoyancy ratio increases, the isotherm values of the vortex at the top wall are negative, whereas the bottom vortex values are positive. For Du = 0.1, the isotherms are crowded near the bottom heated wall, which indicates the high heat flux at the wall. It is worth mentioning that, as the Dufour number increases, the isotherms turn into two enlarged semivortices near the hot and cold walls. Figure 6 (d) depicts that, as the Soret number increases, the values of isotherms increase. Interestingly, it can be noticed that the Dufour number weakens the isotherms, whereas the Soret number strengthens the isotherms. This behavior is a direct consequence of the Soret effect, which produces a mass flux from lower to higher solute concentration driven by the temperature gradient.
The effects of Lewis number, buoyancy ratio, Dufour number, and Soret number on the isoconcentraions are presented in Figs. 7(a)-7(d), respectively. For Le = 0.3, the isoconcentration lines are almost parallel to the horizontal line. The isoconcentration lines are closer near the heated wall. As the Lewis number increases, the isotherms slowly tend to become vertical at the central region of the cavity. For N = 1, the isotherms near the top and bottom walls are parallel to them. The isotherms become vertical at the central region with the increase in the buoyancy ratio parameter. As the buoyancy ratio increases, the maximum isoconcentration value decreases. For Du = 0.1, the isoconcentration lines are stratified with two semivortices parallel to the top and bottom walls of the cavity. As the Dufour number increases, the two semivortices disappear and the isoconcentration lines become vertical in the central region of the cavity. The Dufour number increases the maximum of the isoconcentration values. For Sr = 0.1, the isoconcentration lines are crowded near the bottom wall. As the Soret number increases, the isoconcentration lines near the top and bottom walls are parallel to them, but the isoconcentration lines in the central part of the cavity become vertical. As the Soret number increases, the maximum value of isoconcentration decreases.
Figures 8-12 depict the effects of M , N , Du, Sr, and φ on the distributions of local Nusselt number and Sherwood number along the hot wall (Y = 0). Figure 8 reveals that, as the magnetic field parameter increases, the Nusselt number increases and the Sherwood number decreases. Figure 9 describes that a rise in N leads to a decrease in the Nusselt number and to enhancement of the Sherwood number. Figure 10 expresses that the effect of the Dufour number is to increase the Nusselt number and to decrease the Sherwood number. From Fig. 11 it is observed that the Nusselt number increases for 0 < X < 0.35 and decreases for 0.35 < X < 1 with the increase of Sr. As the Soret number increases, the Nusselt number increases near the left adiabatic wall, while the opposite phenomenon is observed near the right adiabatic wall. The Sherwood number increases with the increase in the Soret number. From Fig. 12 it is noticed that the inclination angle φ of the cavity increases both the Nusselt and Sherwood numbers.
CONCLUSIONS
The influence of inclination of the cavity on double-diffusive natural convection MHD boundary layer flow inside a square cavity filled with a saturated porous medium under the influence of thermodiffusion and diffusion-thermo effects is studied. The inclined cavity makes an angle φ with the horizontal line. The flow, temperature, and concentration fields as well as heat and mass transfer rates are analyzed for various values of flow parameters, such as magnetic field parameter M , Lewis number Le, buoyancy ratio N , Dufour number Du, Soret number Sr, and φ. The computational results lead to the following conclusions.
1. The nature of streamlines takes a vertical pattern from horizontal with increasing inclination angle φ. The isotherm contours tend to be affected considerably with the enhancement of φ from 0°to 90°. In the case of a horizontal cavity, the main cell diverts into two cells with opposite directions from the center of horizontal width. The isotherms are crowded around the active location on the bottom and top surfaces. With increasing φ, the isoconcentrations decrease.
2. The strength of the flow cell decreases with the increase in the magnetic field. The rate of heat transfer and mass transfer increases with the increase in the magnetic field.
3. With the increase of Lewis number, the intensity of the flow increases. The effect of Le leads to an increase in the isotherm values. Two semivortices are formed, one along the bottom of the hot wall and the other along the top of the cold wall. The influence of Le leads to a decrease in the overall mass transfer within the cavity.
4. The strength of the flow decreases with the increase of Dufour number Du. The effect of Du leads to a decrease in the isotherm values and an increase in the concentration values.
5. The effect of Soret number Sr is to enhance the flow pattern. As the Soret number increases, circulation of isotherms around the vortices increases. With the influence of Sr, the concentration lines become horizontal near the bottom and top surfaces and vertical in the central region of the cavity.
6. The local Nusselt number at the hot wall increases with the magnetic field, angle of inclination, and Dufour number and decreases with the buoyancy ratio. The local Sherwood number increases with the Soret number, angle of inclination, and buoyancy ratio and decreases with the magnetic field and Dufour number.
